Introduction {#s0005}
============

Human papillomavirus (HPV) infections of the high-risk group lead to the development of cervical cancer and are also associated with anogenital and head and neck cancers. High-risk HPV-16 and HPV-18 are the most frequent genotypes and are responsible for 62.6% and 15.7% of cervical cancer cases, respectively [@bb0005], [@bb0010]. Overexpression of HPV E6 and E7 oncoproteins is critical and necessary toward HPV-related diseases [@bb0015]. Binding of E6 oncoproteins accelerates the ubiquitin-mediated degradation of TP53 tumor suppressor protein and other targets [@bb0020], [@bb0025]. In contrast, E7 oncoprotein specifically interacts with retinoblastoma (RB) and related pocket protein members (p107 and p130), which results in the disruption and loss of RB/E2F repressor complexes. This process liberates E2F-regulated gene transcription and allows entry into S phase of the cell cycle [@bb0030], [@bb0035]. TP53 status and the level of RB/E2F signaling influence the efficacy of anticancer therapies that induce DNA damage, while the loss of TP53 functions is often associated with resistance to therapy [@bb0040], [@bb0045], [@bb0050]. Hence, understanding how the restoration of TP53 and RB/E2F signaling may contribute to the development of novel anticancer therapeutic strategies.

Various stress signals stabilize TP53 and subsequently regulate the expression of distinct downstream targets involved in DNA damage repair, apoptosis, angiogenesis, and senescence [@bb0055], [@bb0060], [@bb0065]. Recently, dynamic behavior of TP53 in response to DNA damage, UV radiation, and double-strand breaks (DSBs) that were induced by multiple sources has been extensively investigated [@bb0070], [@bb0075]. DSBs trigger a series of TP53 pulses [@bb0080], and excitability of TP53 pulses is stimulated in either a sustained or a transient form in response to DSBs. TP53 dynamics can also be altered by using nutlin (an Mdm2 inhibitor) and etoposide (a DNA damaging agent), thereby producing changes in TP53 dynamics that are independent of the extent of DNA damage [@bb0085], [@bb0090], [@bb0095], [@bb0100]. Cisplatin (*cis*-diaminedichloroplatinum II; CDDP) also induces TP53 cellular responses by repressing virally encoded E6 protein in cervical cancer [@bb0105].

The E2F family (E2F 1-8) of transcriptional regulators is essential for the timely activation of genes involved in cell cycle progression, DNA repair, DNA replication, and apoptosis [@bb0050], [@bb0110]. In HPV-driven tumorigenesis, loss of RB activity by E7 oncoprotein results in an abundance of free E2F and high expression levels of its regulated genes, which determine cell fate. Hence, deciphering the dynamics of TP53 wild-type (WT) and RB/E2F signaling is crucial to understand chemotherapeutic drug responses and HPV-mediated tumorigenesis. The mechanisms for generating excitability of TP53 pulses and RB/E2F signaling pathway restoration in tumor growth suppression in response to HPV E6/E7 siRNA alone or with combination therapy have not yet been elucidated.

The roles of TP53 and RB/E2F signaling restoration in cell fate decisions remain to be elucidated in the HPV cancer model. Therefore, we established a dual E2Fs-response element-mediated RFP (E2F-RE-RFP) and TP53-RE-GFP reporter HeLa cell line, which models regulation of the signaling networks during tumor progression in living cells. In addition, we developed an integrated protein dynamics model [@bb0115] to delineate the influence of HPV E6/E7 siRNA with combination chemotherapy on signal transduction in HPV-positive cervical cancer cells. Such a modeling approach may help us gain insight to the intracellular mechanism of anticancer agents by tracing the time course of TP53 and RB/E2F1 signaling. In this study, we provide novel details regarding induction of TP53 and RB/E2F signaling and contribute to the understanding of the mechanisms of anticancer therapy in cervical cancer models.

Material and Methods {#s0010}
====================

Cell Culture, RNA Interference, and Chemical Treatment {#s0015}
------------------------------------------------------

The human cervical cancer cell lines HeLa (HPV 18-positive) and CaSki (HPV16-positive) were obtained from the ATCC (Manassas, VA). Cells were routinely tested for mycoplasma and characterized by short tandem report profiling (AmpFISTR identifier kit, Applied Biosystems, Foster, CA, cat. 4322288). HeLa and CaSki cells were transfected with siRNAs using DharmaFECT transfection reagent (Thermo Scientific, USA) according to the manufacturer\'s protocol. The HPV 16 and 18 siRNA sequences are listed in Table S1. Cisplatin (P4394) and paclitaxel (T7191) were obtained from Sigma-Aldrich, USA. For combination therapy, cells were exposed to E6/E7 siRNA along with chemotherapeutic agents.

Western Blotting {#s0020}
----------------

Western blot analysis was performed as described previously [@bb0120], [@bb0125]. The detailed procedure was listed in the supplementary materials and methods. Primary antibodies used for these studies are TP53 \[DO7\], HPV 18-E6 \[G7\], HPV16-E6 \[C1P5\], HPV 18-E7 \[F7\], HPV16-E7 \[ED17\], E2F-1 \[KH195\], cyclin E \[M20\], p21 (C19), CDK-2 (M2), and β-actin \[C4\], purchased from Santa Cruz Biotechnology (St. Louis, CA), as well as RB \[554164\] (BD Pharmingen, USA) and Phospho-TP53 (ser-15) \[9284\] (Cell Signaling, USA).

Luciferase Assay {#s0025}
----------------

The luciferase reporter constructs pTA-Luc (empty vector control), pTA-TP53-Luc (TP53 reporter), and pTA-E2F-Luc (E2F reporter) were obtained using the Clontech pathway profiling system (Mountain View, CA). The detailed procedure is listed in the supplementary materials and methods.

Cell Proliferation Assay, Cell Cycle Analysis, and Quantitative Real-Time PCR {#s0030}
-----------------------------------------------------------------------------

Procedure details were described previously [@bb0125], [@bb0130]. The detailed procedure is listed in the supplementary materials and methods.

Establishment of TP53-RE-GFP Reporter and Dual Reporter Cell Lines {#s0035}
------------------------------------------------------------------

Establishment of reporter cell lines is detailed in the supplementary materials and methods.

Cell Growth and TP53-RE-GFP Reporter Assessment Using the IncuCyte Live Cell Monitoring System {#s0040}
----------------------------------------------------------------------------------------------

The growth properties and TP53 restoration of TP53-RE-GFP stable cells transfected with HPV E6/E7 siRNA or control siRNA were assessed using the IncuCyte HD system (Essen Instruments, Ann Arbor, MI). The detailed setting procedure was listed in the supplementary materials and methods. Time series of TP53-RE-GFP dynamics were analyzed in response to NC plus cisplatin (CDDP), SP, or SP plus CDDP treatment in TP53-RE-GFP reporter HeLa stable cells. We took IncuCyte images of HeLa cells without GFP or with TP53-RE-GFP signal. Mean GFP fluorescence intensities were measured using Image J (NIH) software. Background fluorescence intensity and TP53-RE-GFP cells without GFP expression were determined and corrected. Fluorescence intensity maximum of arbitrary unit is set as 100% and minimum as 0%. Each line denotes average of the total TP53-RE-GFP expression level in around 20 cells/image, as measured in response to NC plus CDDP, SP, or SP plus CDDP treatment during IncuCyte analysis.

Live Cell Imaging and Confocal Image Analysis {#s0045}
---------------------------------------------

Details about live cell imaging and instrument settings are described in the supplementary materials and methods.

Cellular Dynamics Modeling of SP with CDDP {#s0050}
------------------------------------------

Relative protein expression levels of E6, E7, TP53, p21, cyclin E, and E2F1, all of which play critical roles in apoptosis after SP with CDDP treatment, were used for dynamics modeling. For detailed mathematical modeling calculation, please see the supplementary materials and methods.

*In Vivo* Xenografts and Immunohistochemistry Analysis {#s0055}
------------------------------------------------------

*In vivo* xenografts and immunohistochemistry analysis were performed as described previously [@bb0120], [@bb0125]. The hind legs of BALB/c-nude mice were injected with 2 × 10^6^ HeLa cells. After 15 days, cationic liposome/siRNA (4 mg/kg body weight, 100 μl) was injected into the tail vein every 48 hours. On the day after the first E6/E7 siRNA pool injection (426+ 450), CDDP (2 mg/kg) and paclitaxel (PTX) (4 mg/kg) were administered to the mice. The chosen dose for CDDP and PTX was designated "low-dose (9- to 11-fold)" according to the mouse equivalent dose of individual agents used for humans [@bb0135], [@bb0140], [@bb0145]. Tumor sizes were measured using digital calipers, and volumes were calculated as length × width × height × *π*/6 (mm^3^). For detailed immunohistochemistry analysis procedure and study approval, please see the supplementary materials and methods.

Chou and Talalay Analysis {#s0060}
-------------------------

The Chou and Talalay analysis method was used to determine the combined effects of HPV E6/E7 siRNA and chemotherapeutic drugs [@bb0150]. A combination index (CI) was then determined based on the divergence between dose-effect results. CIs of \<1, =1, and \>1 indicate synergy, additive effects, and antagonism, respectively.

Statistics {#s0065}
----------

All the results are presented as the means ± SDs of triplicate samples from at least three independent experiments. Statistical significance was calculated using a two-tailed Student\'s *t* test, or ANOVA where two or more groups were compared. A *P* \< .05 was considered statistically significant.

Results {#s0070}
=======

siRNA-Mediated E6/E7 Silencing Strongly Correlates with Restoration of TP53 and RB/E2F Signaling Pathways {#s0075}
---------------------------------------------------------------------------------------------------------

We previously reported the HPV E6/E7-specific siRNAs, along with their chemically modified derivatives with improved *E6/E7* silencing efficiency, that demonstrated their sensitizing effects to the DNA-damaging agent CDDP and radiotherapy [@bb0120], [@bb0125]. Here, we focused on the silencing efficiency of our chemically modified E6/E7 siRNA, as well as the restoration of TP53 and RB/E2F signaling. We used HPV type 18 E6/E7 siRNA derivatives (426, 450) or 16 E6/E7 siRNA derivatives (366, 448, 497) alone or in combination with CDDP to treat HPV type 18 (HeLa)-- and HPV type 16 (CaSki)--positive cervical cancer cells. Various concentrations of CDDP in the presence of negative control siRNA (NC) or SP were screened in order to select the optimal concentration (Figure S1*A*). After 24 hours, the individual siRNA derivatives or pooled siRNAs (SP) produced dramatic increase in TP53 levels compared to NC-treated cells ([Figure 1](#f0005){ref-type="fig"}*A*). As shown in [Figure 1](#f0005){ref-type="fig"}*B*, either E6/E7 siRNA alone or SP significantly inhibited cell proliferation in both cell lines. Moreover, SP plus CDDP treatment was more effective than E6/E7 siRNA derivatives and its pooling alone or with NC plus CDDP, leading to effective reductions in cell proliferation with maximal TP53 restoration ([Figure 1](#f0005){ref-type="fig"}*B*). Based on our results, we selected 20 nM of SP and 10 μM of CDDP for further experiments in both cell lines.Figure 1Analysis of TP53 and pRB/E2F dynamics in HPV E6/E7 SP or with CDDP-treated cancer cells. (A) HeLa cells (left panels) and CaSki cells (right panels) were transfected with 20 nM of negative control siRNA (NC), HPV E6/E7 siRNA, followed by exposure to 10 μM cisplatin (CDDP). After 24 hours, whole cell lysates were collected for immunoblot analysis of E6 and E7 silencing efficiency and induction of TP53, with β-actin as a control. (B) After 24 hours, cell viability was determined by WST assays. (C) Analysis of TP53 and pRB induction in tumor cells treated with HPV E6/E7 siRNA using TP53 and E2F luciferase reporter activity. A TP53 and E2F luciferase reporter vector was transfected into cells in conjunction with 20 nM of siRNA for either E6/E7 or negative control alone, and/or with 10 μM CDDP. The values were normalized to the control sample lanes, which were set as 1. TP53 activity increased and E2F activity decreased in HeLa cells (left panel) and CaSki cells (right panel) after treatment with either E6/E7 specific siRNA alone or in conjunction with CDDP. (D) HeLa (top panel, middle panel) and CaSki (bottom panel) cells treated with 20 nM of siRNA for either E6/E7 or negative control alone, and/or with 10 μM CDDP. Restoration of endogenous TP53 and pRB, as well as silencing of 18E7, 16E7, 18E6, and 16E6, was analyzed along with other downstream targets at the time points indicated, with β-actin as a control. (E) Histogram showing the relative intensity (%) of endogenous TP53, E6, E2F, and E7 obtained from the corresponding immunoblots. (F) Real-time quantitative (q)PCR analysis of p21, transcript levels in HeLa (left panel) and CaSki (right panel) cells treated with 20 nM of siRNA for either E6/E7 or negative control alone, and/or with 10 μM CDDP. Error bars represent the mean ± standard deviation (SD) (*n* = 4). (\**P* \< .05, \*\**P* \< .01).ppRB: hyperphosphorylated RB; pRB: hypophosphorylated RB.Figure 1

In order to assess the functional activity of TP53 and RB/E2F signaling, both cell lines were transfected with luciferase reporter plasmids (pTA-TP53 and pTA-E2F) with response elements (REs) for TP53 and E2Fs (E2F1-E2F5), respectively. Both cell lines were co-transfected with SP, NC/SP plus CDDP, as well as with pTA-TP53/ pTA-E2F luciferase reporters or the empty control vector. At 48 hours, cells were harvested and luciferase activity was measured. In cells receiving SP plus CDDP, there was a five- to seven-fold increase in TP53 levels, and E2Fs-induced luciferase expression was decreased. No significant differences were observed between cells transfected with the pTA-empty plasmid and the NC ([Figure 1](#f0005){ref-type="fig"}*C*). This suggests that TP53 and RB/E2F signaling was functionally active in both SP- and SP plus CDDP--treated cells. We also determined the expression level of TP53, RB/E2F, and its target genes at various time points after transfection with E6/E7 SP alone or in conjunction with CDDP. TP53 and its phosphorylation at serine 15 are activated by the ataxia telangiectasia gene (ATM) in response to DNA damage [@bb0155]. In both HeLa and CaSki cells, HPV E6/E7 SP with CDDP exposure elevated both TP53 and its phosphorylated form, suggesting posttranslational regulation of TP53 ([Figure 1](#f0005){ref-type="fig"}*D*). Increased TP53 phosphorylation is associated with induction of TP53 protein expression [@bb0160]. The p21 (p21^WAF1/Cip1^) protein is a significant contributor to cell cycle regulation and is expressed as a result of TP53 accumulation in cells [@bb0165]. p21 directly inhibits cyclin-dependent kinase (CDK)--mediated phosphorylation of RB, which also disrupts RB/E2F repressor complexes. In response to CDDP plus SP treatment, TP53, phospho-TP53 (ser-15) and p21 protein expression level displayed earlier induction compared with SP alone in HeLa and CaSki cells, respectively, and attains its maximum level at 24 hours ([Figure 1](#f0005){ref-type="fig"}*D*). Disruption of RB/E2F complexes by the *E7* oncogene impairs repression and increases the concentration of unbound E2F family members such as E2F1, which stimulates gene transcription [@bb0170]. Overexpression of cyclin E (encoded by a target gene of E2F1) greatly accelerates premature S phase entry and DNA synthesis in cultured cells [@bb0175]. Significant decrease in E2F1 and cyclin E results from increased levels of hypophosphorylated RB (pRB) and p21, respectively, in SP plus CDDP--treated HeLa cells. Large fluctuations in E2F1 expression level were observed, which decreased at 24 hours in CaSki cells ([Figure 1](#f0005){ref-type="fig"}*D*). There were no changes in CDK2 levels (data not shown). Collectively, these results demonstrate that SP plus CDDP effectively restores TP53 and RB/E2F signaling. Densitometric quantification demonstrated a negative correlation between TP53 and E6 expression in SP- and SP plus CDDP--treated cells ([Figure 1](#f0005){ref-type="fig"}*E*), which was not observed with CDDP treatment alone (Figure S1*B*, *C*, and *D*).

Effect of tp53 Restoration on Its Well-Characterized Target Genes {#s0080}
-----------------------------------------------------------------

Knockdown of the *E6* oncogene by HPV E6/E7 SP with CDDP resulted in elevated TP53 levels and earlier induction of the TP53 target gene, *p21*, starting from 6 and 8 hours in HeLa and CaSki cells, respectively ([Figure 1](#f0005){ref-type="fig"}*F*). We also compared the expression of TP53-dependent genes (*GADD45A, XPC, MDM2, PPM1D, BAX, APAF1, PML*, and *YPEL3*) in HPV E6/E7 siRNA transfected HeLa and CaSki cells with or without CDDP at different time points [@bb0095], [@bb0180]. *p21* transcription ([Figure 1](#f0005){ref-type="fig"}*F*), as well as transcription of all TP53-dependent genes tested, significantly increased with SP treatment alone and/or in combination with CDDP in both HeLa (Figure S2*A*) and CaSki (Figure S2*C*) cells compared to NC plus CDDP treatment alone in HeLa cells (Figure S2*B*) and CaSki cells (Figure S2*D*). Induction of MDM2 transcription increased by four- to eight-fold with E6/E7 siRNA treatment alone or with CDDP. MDM2 binds to TP53 and stimulates its degradation by proteasomes *via* a negative feedback loop mechanism that may regulate and sustain TP53 levels in both cell lines.

E6/E7 Silencing Effect on TP53 Dynamics and Cell Fate {#s0085}
-----------------------------------------------------

Immunoblotting techniques have limitations for determining TP53 dynamics. Analysis of cellular protein dynamics often requires measurement in single cells. Even in same clone cell lines, proteins exhibit nonidentical patterns in individual cells, even with identical concentrations of drug treatments [@bb0185]. Immunoblot and qPCR analysis indicate that expression of TP53 and its targets continually increase 6 to 8 hours after treatment with E6/E7 siRNA alone or with CDDP. Hence, we decided to observe the restoration of TP53 dynamics in single cell level as well as in the total cell population after E6/E7 siRNA treatment. We utilized an IncuCyte HD system to measure TP53 dynamics and cell fate using live TP53-RE-GFP reporter stable (HeLa and CaSki) cell lines, which express the GFP reporter under the control of a TP53-RE and a minimal CMV promoter. These cell lines express GFP in response to TP53 signals, which allows observation of endogenous TP53 dynamics. We collected time-lapse live imaging following treatment of NC plus CDDP, or HPV E6/E7 SP alone or in combination with CDDP. CDDP induces TP53 activation, whereas SP restores TP53 by silencing *E6/E7* oncogenes ([Figure 2](#f0010){ref-type="fig"}). Dose-response curves for different combinations (SP alone or with CDDP) are presented in Figure S3. Cell proliferation rates (Figure S3*A*) and TP53-RE-GFP count values were normalized with cell counts in order to obtain actual TP53-RE-GFP counts (Figure S3*B*), and the results indicate that inhibition of the proliferation rate coincided with TP53-RE-GFP increases in the reporter cells. Synergism between SP and CDDP was demonstrated using Chou-Talalay analysis (Table S2). Combination of SP (20 nM) and CDDP (10 μM) effectively inhibited proliferation and induced TP53-RE-GFP. We also assessed cell growth rates and short tandem repeat authentication of the reporter cell profiles compared to parental HeLa cells; however, no changes were observed. Thus, we decided to use these concentrations for subsequent evaluations of TP53 dynamics and cell fates.Figure 2Effects of *E6*/*E7* silencing on TP53 dynamics and cell fate.Schematic of the TP53-RE-GFP reporter constructs used to generate stable cell lines. A well-characterized TP53-RE that contains a TP53 consensus binding site (green box), with the arrow indicating a minimal TATA box with the GFP-reporter gene. Time-lapse microscopy images of live TP53-RE-GFP HeLa stable cells that were treated with of 20 nM of NC, SP, or combination therapy of NC/SP plus CDDP (10 μM). Values shown are from all nine regions of each well at 1-hour intervals, merged and averaged across three independent experiments. (A) A selection of posttransfection representative images is shown as a merge of fluorescent and phase-contrast images, with NC-treated cells as a control. Scale bar: 40 μm. (B) Stable TP53-RE-GFP HeLa reporter cells, proliferation rate (top left), GFP count (top right), GFP intensity (bottom left), and GFP count normalization (bottom right) in response to HPV E6/E7 siRNA, NC alone, and/or with CDDP combination treatments are shown. Arrows indicate HPV E6/E7 siRNA treatment and induction of TP53-RE-GFP reporter gene expression. (C) Stable TP53-RE-GFP CaSki reporter cells, proliferation rate (top left), GFP count (top right), GFP intensity (bottom left), and GFP count normalization (bottom right) in response to HPV E6/E7 siRNA, NC alone, and/or with CDDP combination treatments are shown. Red arrows indicate HPV E6/E7 siRNA treatment and induction of TP53-RE-GFP reporter gene expression from the time after HPV E6/E7 siRNA treatment. (D) Mean fluorescence intensity of TP53-RE-GFP positive cells (n) was quantified using Image J software for 48 hours or until cell death occurred. Normalized TP53-RE-GFP intensities in response to various treatments are shown in arbitrary unit (AU). Dotted red line indicates the maximum GFP intensity level observed. Arrow indicates the time point between which most of the cells showed maximum GFP intensity level in SP plus CDDP treatment. (E) Simulation of TP53 dynamics in response to NC plus CDDP, HPV E6/E7 SP, (or) SP plus CDDP combination treatment.Figure 2

We monitored the TP53 dynamic responses and cell fate changes in SP alone, CDDP alone, or combination-treated TP53-RE-GFP stable HeLa reporter cells ([Figure 2](#f0010){ref-type="fig"}*A*, [S1-S3](#ec0020){ref-type="supplementary-material"}, available online) and CaSki cells (Figure S4) using time-lapse movies. The increased GFP counts in TP53-RE-GFP reporter cells with different treatment combinations are due to increases in endogenous TP53 levels. No significant changes were observed with NC-treated cells. CDDP with NC treatment induced TP53-RE-GFP dynamics in a pulse form at low level and resulted in enlarged cell morphology, out of which few cells entered into apoptosis. SP alone or with CDDP treatment produced dramatic increase in TP53 in a sustained manner, leading to irreversible fates such as cell death or cell cycle arrest. There were differences in the time required for TP53 dynamic restoration between cells of the same clone. As shown in [Figure 2](#f0010){ref-type="fig"}*B* (HeLa cells) and [Figure 2](#f0010){ref-type="fig"}*C* (CaSki cells), the cell proliferation rates, TP53-RE-GFP positive cell counts, total TP53-RE-GFP integrated intensities, and normalized TP53-RE-GFP count were analyzed. SP plus CDDP--treated cells showed higher TP53-RE-GFP count with reduced cell proliferation rate in both HeLa and CaSki cells.

Using our IncuCyte time-lapse movies, we further traced and quantified the real-time induction of TP53 dynamics in individual cells in response to SP, and NC/SP plus CDDP. Distinct TP53-RE-GFP responses were observed in each group. Our dynamics result ([Figure 2](#f0010){ref-type="fig"}*D*) demonstrates that CDDP treatment exhibited pulsed form early on in 35% of total cell population ([S1-S3](#ec0020){ref-type="supplementary-material"}, available online). After 48 hours, 47.9% of total cell populations are viable. In contrast, SP plus CDDP stimulates high-level sustained form of TP53-RE-GFP restoration starting at 8 hours in 32.6% of cells followed by immediate cell death ([S1-S3](#ec0020){ref-type="supplementary-material"}, available online), wherein only 22.3% of total cell population were viable at 48 hours. SP stimulates TP53-RE-GFP induction between 16 and 18 hours in 34.9% and reaches a plateau, which results in cell death or cell cycle arrest with continuous TP53-RE-GFP expression ([S1-S3](#ec0020){ref-type="supplementary-material"}, available online), and after 48 hours, only 36.1% of total cell population survived.

Based on these findings, we propose a model for TP53 dynamics in cell fate determination. CDDP cytotoxicity is mediated by DNA damage recognition machinery following the formation of cross-linked DNA adducts, which triggers TP53 protein and its targets [@bb0105]. We hypothesize that low concentrations of CDDP increase periodic TP53 pulses and cells experience both temporary cell-cycle arrest and recovery from the DNA damage. E6/E7 SP treatment restores TP53 (WT) signaling by repressing the *E6* oncogene, and TP53 produces nonoscillatory, lower-level sustained pulses that result in cell death or cell cycle arrest. However, SP plus CDDP treatment doubly triggers TP53 signaling, which reaches its maximum after 6 hours. Accumulated TP53 is sustained in cells, which results in irreparable cell death ([Figure 2](#f0010){ref-type="fig"}*E*).

The Relationship between TP53 and RB/E2F Signaling in HPV E6/E7 siRNA-Treated Cells {#s0090}
-----------------------------------------------------------------------------------

Dissociation of RB/E2F complexes by the HPV *E7* oncogene increases the concentration of unbound E2Fs in cervical cancer cells [@bb0030], [@bb0190]. To gain insight on the expression of TP53 and E2F1 in clinical human cervical cancer samples, we investigated the genomic copy number alteration, RNA expression, and amplification of TP53 and E2F genes utilizing the Cancer Genome Atlas database (Figure S5, *A*, *B*, and *C*). We predicted that E2F-RE--mediated RFP reporter assay would enable visualization of the loss of RB by monitoring crucial E2F activity in a model of human cervical carcinomas. In order to test this model, we developed novel dual HeLa reporter cells for the simultaneous investigation of TP53 and RB/E2F signaling in response to SP alone or in a combination treatment. We found that transfection of the E2F-TA-RFP construct enabled sensitive monitoring of E2F-RE-RFP downregulation following the treatment with HPV E6/E7 SP in TP53-RE-GFP reporter HeLa cells. Cells were monitored at specific time intervals by confocal microscope. During the first 12 hours after SP treatment, we observed a slow disappearance of E2F-RE-RFP expression, suggesting restoration of the RB/E2F complex through E7 silencing. A typical time series is shown in [Figure 3](#f0015){ref-type="fig"}*A*.Figure 3Dynamics of TP53-RE-GFP and E2F-RE-RFP in response to HPV E6/E7 siRNA alone or with CDDP. (A) Dual TP53-RE-GFP and E2F-RE-RFP reporter HeLa cells were cultured and imaged using confocal microscopy to assess the time-dependent transition of E2F-RE-RFP (red) to TP53-RE-GFP (green), suggesting silencing efficacy of HPV E6/E7 oncogenes in HeLa cells. Red represents excitation/emission (Ex/Em) = 565 nm/650 nm. Green represents Ex/Em = 495 nm/545 nm. Fluorescence images in cells are superimposed on phase contrast images. Scale bar: 50 μm. (B) Mean intensity data acquired with time-lapsed confocal imaging of dual reporter cells in response to HPV E6/E7 siRNA alone or with CDDP combination treatments. Cells were imaged every 20 minutes from 12 to 24 hours following administration. A transition pattern was observed in regions of interest (ROIs) following HPV E6/E7 siRNA transfection with or without CDDP.Figure 3

Dual reporter cells were monitored by time-lapse imaging using computer-assisted confocal microscopy (Leica TCS SP8) in order to trace the restoration of TP53 and RB/E2F signaling. Cells were quantified following SP or SP plus CDDP treatment in each group, and the mean intensity was calculated from three different regions. The dual reporter model also provides an absolute quantitation of TP53 and E2F dynamics at the single cell level. More cells showed TP53-RE-GFP expression at lower levels at the start of imaging, followed by a sudden increase at 18 to 20 hours after SP treatment. TP53-RE-GFP was expressed at high levels immediately following treatment with SP plus CDDP and reached a maximum after 12 to 14 hours ([Figure 3](#f0015){ref-type="fig"}*B*), while some cells entered cell death before expressing TP53-RE-GFP. Conversely, the mean intensity of the RFP slope demonstrated that SP plus CDDP treatment steadily decreased E2F-RE-RFP expression, while SP treatment produced severe fluctuations in E2F-RE-RFP expression, including a sudden decrease at 19 to 21 hours. RFP to GFP conversion or complete disappearance of RFP indicates the restoration of TP53/pRB, which leads to immediate cell death ([S4](#ec0025){ref-type="supplementary-material"}, available online).

Cellular Dynamics Modeling of SP with CDDP {#s0095}
------------------------------------------

Critical proteins such as E6, E7, TP53, p21, cyclin E, and E2F1 were selected to build the dynamics model ([Figure 4](#f0020){ref-type="fig"}*A*). Monoexponential decrease models well explained the changes in E6 and E7 levels over time. Since relative protein expression levels from the Western blot analysis were used for modeling, baselines of each protein levels (measured at 24 hours in the no-treatment group) were set as 1, and the other data were normalized by the baselines. Cascade models for TP53, p21, cyclin E, E2F1, and cell proliferation successfully described the pharmacodynamics of SP with CDDP. Cell growth in the control (no treatment) group exhibited saturation at 48 hours in the experimental conditions ([Figure 2](#f0010){ref-type="fig"}*B*). Thus, the logistic cell growth function was used in this dynamic modeling where the observation period (24 hours) was not enough to show such saturation. Final parameter estimates after SP and CDDP treatment are listed in Table S3, and model-fitted profiles are shown in [Figure 4](#f0020){ref-type="fig"}, *A* and *B*.Figure 4Schematic of the simple dynamics model of SP with CDDP effects in HPV (+) cancer cells. (A) The SP with CDDP compartment represents SP and CDDP concentrations *in vitro* assumed to be constant for 24 hours. Open and closed bars are stimulation and inhibition processes, respectively. (B) Changes in model-fitted (lines) and observed (circles) relative protein expression levels and cell proliferation over time by continuous SP (20 nM) and CDDP (10 μM) exposure. Dashed lines/black circles: SP with CDDP treatment, dashed lines/red circles: NC treatment.Figure 4

Therapeutic Effects of Triple Combination Therapy on HPV-Positive Cervical Cancer Cells *In Vitro* and *In Vivo* {#s0100}
----------------------------------------------------------------------------------------------------------------

Although CDDP is beneficial for treating cervical and other cancers, development of resistance to CDDP has become a major concern. Increase in the dosage of CDDP in order to overcome this resistance results in side effects including nephrotoxicity and ototoxicity, thereby limiting the efficacy and clinical use of CDDP [@bb0195], [@bb0200]. So, we next investigated whether SP plus CDDP combination therapy is effective against CDDP-resistant cervical cancer cells. We developed a CDDP-resistant HeLa cell line (HeLa-R), which exhibited delayed growth compared to HeLa (nonresistant) cells. Cell numbers were adjusted for seeding before triple treatment to compensate for any potential bias that could arise as a consequence of any difference in cell proliferation. We also investigated the effects of SP plus PTX in HeLa cells (Figure S6). No significant changes in the protein expression levels of TP53 and E2F1 were observed compared to with SP alone. In addition, no significant effect was observed in cell proliferation, indicating that not all drugs produce strong T53 activation when coupled with E6/E7 siRNA (Figure S6, *A* and *B*). CDDP-PTX combination has been reported to be a better treatment option than CDDP alone, specifically for treatment of advanced or recurrent cervical cancer [@bb0135], [@bb0140]. HeLa and HeLa-R cell lines were used to compare the effects of triple drug combination, including SP (20 nM), CDDP (5 μM), and PTX (10 nM). Triple drug combination was compared to combined treatment with SP (20 nM) and CDDP (10 μM). Water-Soluble Tetrazolium salts (WST) assays were used to determine the responses of HeLa (parental) and HeLa-R (CDDP-resistant) cells. To exclude any potential bias that could have resulted from unequal cell proliferation of the HeLa-R cell lines, survival rates were normalized to mock-treated cells. As depicted in Figure S6*C*, our WST assay results indicated that CDDP plus SP treatment is not as effective in HeLa-R cells as in HeLa cells. However, triple combination with a low dose of CDDP (5 μM) produced better antiproliferative effects than SP plus CDDP (10 μM) and CDDP plus PTX treatments in both HeLa-R and HeLa cells.

The majority of the cells were arrested in G0/G1 phases 24 hours after treatment with SP alone (72.78%) or SP plus CDDP (45.34%). Triple combination treatment produced marked cell death (sub-G~1~ phase, 19.35% in triple combination versus 11.33% in CDDP plus PTX and 5.0% in SP), and most cells had died after 72 hours, confirming that triple combination including a low dose of CDDP has a marked effect on cell cycle regulation ([Figure 5](#f0025){ref-type="fig"}*A*). Similar effects were also observed in CaSki cells (Figure S6*D*). To further confirm the occurrence of apoptosis, the triple combination--treated cells were subjected to Annexin-V/PI double staining followed by flow cytometry analyses. Exposure of the cells to low dose of triple combination induced significant apoptosis in both HeLa ([Figure 5](#f0025){ref-type="fig"}*B*) and CaSki cells (Figure S6*E*). However, Western analysis of triple combination--treated cells shows similar TP53 and RB/E2F restoration signaling when compared with SP plus CDDP treatment ([Figure 5](#f0025){ref-type="fig"}*C*). Similar TP53 induction patterns were also observed between triple combination-- and SP plus CDDP--treated TP53-RE-GFP reporter cells ([Figure 5](#f0025){ref-type="fig"}*D*). Synergistic effects of SP, CDDP, and PTX triple combination therapy were demonstrated in both HeLa and HeLa-R cell lines using Chou-Talalay analysis (Table S4). Altogether, our results suggest that triple combination with low dose CDDP has better therapeutic profile over SP plus CDDP treatment in cervical cancer cells.Figure 5Therapeutic effects of triple combination therapy on HPV-positive cervical cancer cells *in vitro* and *in vivo*. HeLa cells treated with triple combination (E6/E7 specific siRNA, CDDP plus PTX)/(control siRNA, CDDP plus PTX) or their combinations. After 24 hours, treated HeLa cells underwent further analysis. (A) Cell cycle analysis results from HeLa cells indicating cell fractions in each phase (G0-G1, S, and G2/M, indicated as % of cells). Data presented are means ± SDs (*n* = 4) \[negative control (NC) versus siRNA pool (SP); \**P* \< .05 and NC + CDDP + PTX versus SP + CDDP + PTX; \#*P* \< .05\]. (B) HeLa cells were subjected to (E6/E7 specific siRNA, CDDP plus paclitaxel; PTX)/(control siRNA (NC), CDDP plus paclitaxel), or their combinations treatment. The combination treatment--induced apoptosis was determined by using Annexin V-FITC. Error bars represent the means ± SDs of independent experiments (*n* = 3), \**P* \< .05.(C) Induction of endogenous TP53 and pRB, and silencing of 18E7 and 18E6 were analyzed, as well as other downstream target genes at the indicated time points, with β-actin as a control. (D) Effect of triple combination on the dynamics of TP53-RE-GFP. The cell proliferation rate (top left), GFP count (top right), GFP intensity (bottom right), and GFP count normalization (bottom left) are shown. Red arrows indicate HPV E6/E7 siRNA treatment and induction of TP53-RE-GFP reporter gene expression from the time after HPV E6/E7 siRNA treatment.Figure 5

Next, we assessed the *in vivo* activity of triple combination in a HeLa xenograft tumor model. Treatment with 40 μg of SP cationic liposome and CDDP (2 mg/kg) plus PTX (4 mg/kg) robustly inhibited tumor growth without producing rebound effects following cessation of chemotherapy. In our previous study, treatment of E6/E7 siRNA alone did not show any significant effect on tumor growth inhibition [@bb0125]. Continuous tumor growth was detected in mice receiving GFP siRNA with or without CDDP plus PTX, but not in triple combination--treated mice, after 25 days ([Figure 6](#f0030){ref-type="fig"}*A*). No obvious signs of toxicity or unusual behavioral patterns were observed in all group. Next, tumors from all three groups were excised and dissected for histological analysis ([Figure 6](#f0030){ref-type="fig"}*B*). Tumors treated with GFP siRNA alone or with CDDP plus PTX were heterogeneous with a high degree of cellular polymorphisms. In contrast, the triple combination--treated tumors were homogenous, with a low degree of cellular polymorphisms and well-demarcated tumors. In addition, approximately 60% to 80% of TP53-, p21- and RB-positive cells was observed in tumors from mice treated with 18E6/E7 SP with CDDP plus PTX. Tumors treated with triple combination therapy had increased TUNEL-positive cells mostly due to restoration of TP53 and RB/E2F signaling ([Figure 6](#f0030){ref-type="fig"}*B*).Figure 6Synergistic effects of triple combination therapy on tumor growth inhibition. (A) The tumor volumes of the three groups are plotted until 25 days after treatment, with average values (error bars indicate SDs) (left panel). Representative images from the CDDP plus paclitaxel (PTX) group 25 days after treatment and from the triple combination treatment group 25 days after treatment (right panel). Whole mount section of tumor in all three groups were also shown (bottom panel). Scale bar: 2000 μm. (B) H&E staining, tunnel assay, and immunohistochemistry analysis of TP53, p21, and RB protein expression using mouse xenograft samples. Scale bar: 50 μm.Figure 6

Discussion {#s0105}
==========

Although the clinical utility of siRNA has not yet been conclusively demonstrated, there are many ongoing patient trials investigating siRNA-based cancer treatments. Several preclinical and clinical trials on RNAi are in progress for various diseases including metabolic diseases, skin diseases, viral infections, and respiratory disorders [@bb0205], [@bb0210]. We previously reported that E6/E7 siRNA sensitizes xenografted tumors to CDDP therapy and radiation therapy in cervical carcinomas [@bb0120], [@bb0125]. Additionally, chemical modifications (such as 2′-OMe) to siRNAs reduce off-target effects. [@bb0215] In this study, we investigated the effects of chemically modified (2′-OMe) HPVE6/E7 specific siRNA in combination with chemotherapeutic drugs on cervical cancer cells. We focused on reactivation of wild-type TP53 protein and RB/E2F signaling mechanisms. Low-concentration pooled 2′-OMe modified E6/E7 siRNA reduces off-target effects while still producing maximum silencing efficiency [@bb0125]. For the first time, we investigated the influence of E6/E7 SP and associated combination therapies on cellular TP53 dynamics and stability, as well as on transcriptional regulation related to cervical cancer cell fates. We found that concentrations of E6 continuously decreased over the course of combination therapy, starting at 6 to 8 hours following administration, and E6 was completely undetectable after 12 hours. Decreasing expression levels of E6 oncoprotein coincided with restoration of TP53 protein, indicating that repression of the E6 oncoprotein is a major contributor to TP53 protein restoration in cervical cancer cells.

Reactivation of TP53 protein in cervical cancer cells by combination therapy may be a critical step in the progression of apoptosis and/or permanent cell cycle arrest (senescence). Furthermore, activated MDM2 binds to TP53, acting as its agonist through an autoregulatory feedback loop mechanism; thereby, it may regulate and sustain TP53 level in both cell lines. Downstream targets, e.g., *BAX* and *APAF-1* (involved in apoptosis), as well as *PML* and *YPEL3* (involved in senescence), were activated or upregulated, respectively. Activation of apoptosis was observed at approximately 16 hours posttreatment and coincided with restoration of TP53 protein. Although induction of TP53-RE-GFP expression varied between cells, most cells underwent apoptosis. Cells that did not experience apoptosis entered into cell cycle arrest after 36 hours of continuous TP53-RE-GFP expression. Our dynamic analysis of TP53 protein revealed that simultaneous inhibition of HPV *E6/E7* oncogene expression along with combination of chemotherapy induces TP53 restoration and sensitizes cancer cells to either cell death or cell cycle arrest.

Previous reports suggest that DNA damage increases TP53 protein levels, resulting in p21 activation and induction of E2F1 inactivation, which coordinate cell fate decisions [@bb0220], [@bb0225]. It is imperative to understand the relationship between TP53 and RB/E2F signaling which may elucidate the mechanisms for variable sensitivity to different therapeutic strategies. This study provides the first simultaneous measurement of E2F and TP53 dynamics using a dual reporter HeLa cell line. Our live cell imaging analysis demonstrate that 17 to 19 hours of E6/E7 SP treatment increases TP53-RE-GFP and decreases E2F-RE-RFP expression, which confirm silencing of E6 and E7 oncoproteins that target TP53 and RB tumor suppressor proteins for ubiquitin-mediated proteosomal degradation [@bb0030]. CDDP treatment alone activates TP53 and its target gene p21, and represses expression of E6/E7 [@bb0230]. However, when SP is transfected in combination with CDDP, repression of E2F-RE-RFP signaling occurs much sooner. We suggest that CDDP induces the TP53 target gene p21, which produces cell cycle arrest by inactivating the CDKs that mediate phosphorylation of the RB protein. Collectively, these observations support the hypothesis that TP53-induced p21 *via E6* oncogene silencing may also contribute to stabilization of RB/E2F complex association by inhibiting cyclin E ([Figure 1](#f0005){ref-type="fig"}*D*) in HPV-positive cancer cells [@bb0220], [@bb0230]. Finally, we also confirmed the reliability of our dual reporter system for monitoring endogenous TP53 and E2F levels in this cervical cancer model. Our dual reporter model may also be useful for screening novel drug combinations for treatment of cervical cancer.

We also developed an integrated TP53, p21, cyclin E, and E2F1 dynamic model in order to characterize the involvement of SP in conjunction with CDDP-induced DNA damage and restoration of the signaling molecules underlying the cell fate decisions. Although our model was a simple one built with relatively small and short-term observation data, where other DNA damage signaling mediators such as mitogen-activated protein kinase and TP73 (TP53-related gene) [@bb0235] were not considered, it successfully quantified the time course of the anticancer effect and signal transduction cascade that preceded cell death.

Multiple combinations of chemotherapeutic agents may reduce the undesirable side effects associated with treatment of CDDP-resistant cervical cancer [@bb0135], [@bb0140], [@bb0240]. Recently, various phases of clinical trial results suggest that multiple combination therapies effectively modulate DNA damage response and sensitize tumors to chemotherapy, giving better outcomes in advanced cervical cancer [@bb0245], [@bb0250]. The present study aimed to determine whether triple combination of SP, CDDP, and PTX would have improved therapeutic efficacy for treatment of cervical cancer. E6/E7 SP highly sensitized HeLa cells to a low dose of CDDP plus PTX combination treatment. Interestingly, we observed accumulation of cells in the sub-G1 population and induced cell apoptosis, which strongly suggests that triple combination therapy inhibits cell growth, as well as induce DNA fragmentation and apoptotic cell death. Recent advancement in the research focuses on optimized siRNA delivery system such as polymer-based nanoparticles to enhance the rate of cellular uptake. Hence, we also performed single-blinded study to assess the efficacy of polymer-based 16 type E6/E7 SP nanoparticles (i.v. injection) in combination with CDDP (40 μg) and PTX (80 μg) in the CaSki xenograft model, and dramatic tumor growth inhibition was observed (data not shown). All our results demonstrate that triple combination therapy was highly efficacious even with low concentrations of chemotherapeutic drugs. However, further studies in xenograft mice to elucidate the *in vivo* pharmacokinetics and pharmacodynamics of siRNA nanoparticles with CDDP and/or PTX, as well as assessing the predictability of our dynamics model as a bridge for *in vitro* and *in vivo* studies, are planned. Comparison of the TP53 dynamics and RB/E2F signaling mechanisms following SP plus CDDP and triple combination treatment enabled validation of these effective therapeutic strategies. Therefore, we hypothesize that the effects of triple combination therapy on cervical cancer cells occur *via* induction of TP53 stability by three different mechanisms. First, SP prevents proteosomal degradation of TP53 by inhibiting the *E6* oncogene. Second, CDDP treatment results in TP53 activation of DNA damage--dependent mechanisms. Third, PTX induces TP53 activation independently of DNA damage ([Figure 7](#f0035){ref-type="fig"}).Figure 7Illustration describing the role of HPV E6/E7 oncogenes and HPV E6/E7 siRNA with cisplatin (CDDP) plus paclitaxel (PTX) therapy on HPV-infected cervical cancer cell fates. HPV-E6 and E7 bind to TP53 and RB (tumor suppressors proteins) and degrade the protein, respectively, leading to repression of p21 (p21^WAF1/Cip1^) and facilitating free E2Fs through the activation of cyclin/CDK complexes. As a result of triple combination therapy, inactivation of TP53 and RB/E2F pathway is prevented, and TP53, p21, and hypophosphorylated RB (pRB) protein level increases. Overall, high level of TP53 results in cell cycle arrest and cell proliferation inhibition. Arrows indicate a positive effect, while flat lines indicate inhibition.Figure 7

Along with the stabilization of TP53 and RB/E2F signaling, multiple upstream and downstream target mechanisms have crucial roles in cell fate determination. TP53 is a redox active transcription factor which induces reactive oxygen species (ROS) generation and suppression of antioxidative defense mechanism contributing to TP53-mediated apoptosis. Furthermore, ROS generated as a result of treatment of DNA-damaging agents could also act as an upstream activator of TP53 [@bb0255], [@bb0260]. Recently, it has been reported that higher cellular ROS level in HPV-positive cells showed reduced cell viability after chemotherapy [@bb0265]. It is likely that restored TP53 by E6/E7 SP treatment may play a significant role in ROS-mediated apoptosis in concurrence with CDDP and PTX treatment, contributing to improved responsiveness to therapy. Thus, cellular ROS level could be considered a key factor in determining therapeutic strategies for cervical cancer. In addition, HPV E6/E7 oncogenes influence myriad of upstream transcription factors (e.g., TP53 and E2F) for a large set of host miRNA genes (e.g., miR-34, miR-106b\~25 cluster and miR-15/16 cluster) to control the cell cycle progression and apoptosis which lead to cell proliferation and tumorigenesis [@bb0270], [@bb0275]. Furthermore, HPV E6/E7 oncoproteins directly contribute to cellular miRNAs expression *via* miRNA processing machinery, specifically through dysregulation of DROSHA-regulated miRNAs, thereby contributing to altered molecular and cellular functions [@bb0280]. Hence, restoration of TP53 and RB/E2F signaling by HPV E6/E7 SP could play a pivotal role in the regulation of cellular microRNAs and affect the cell fate determination. In fact, the relationship between HPV status, ROS level, and miRNA biogenesis in response to multiple combination therapy remains an interesting filed for ongoing research.

In summary, our *in vitro* and *in vivo* results suggest that simultaneous inhibition of the *E6*/*E7* oncogenes by E6/E7 siRNA greatly enhances the efficacy of chemotherapeutic agents by stimulating TP53 dynamics and repressing E2F activity in cervical cancer cells. In the future, studies are required to optimize the delivery of E6/E7 siRNA. We therefore propose that development of future E6/E7 siRNA nanoparticles as chemosensitizing agents for CDDP plus PTX therapy or with other chemotherapeutic agents may be a promising therapeutic strategy for treating patients with cervical carcinomas.

The following are the supplementary data related to this article.Supplementary figures (S1 - S6)Image 1Supplementary materials and methodsImage 2Supplementary tables (S1 - S5)Image 3Supplementary Video S1-S3An IncuCyte system was used to take nine images of every well every 1 hour. Time-lapse microscopy images of live TP53-RE-GFP reporter HeLa cells were treated with single therapy of 10 μM of CDDP (scale bar: 70 μm), 20 nM of SP, and combination therapy of SP plus CDDP. Representative IncuCyte images of live cell video recordings made during 3 days. The movie starts immediately after transfection. Scale bar: 40 μm.Supplementary Video S1-S3Supplementary Video S4After 12 hours of post HPV E6/E7 siRNA pool treatment on dual (E2F-RE-RFP and TP53-RE-GFP) reporter cells was imaged in live-cells confocal microscopy. The movie starts after 18 hours of transfection and ended at 25 hours. Scale bar: 30 μm. Each individual frame was imaged every 20 minutes.Supplementary Video S4
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